[1] The dynamic and thermodynamic processes that underlie the exceptionally high evaporation over the northern Red Sea are examined. Through a combination of data analysis and a simple numerical model we show that the key boundary layer dehumidifier is ageostrophic cross-channel sea breezes. This circulation develops semidiurnally in response to thermal gradients across the Red Sea's coasts because of disparate land-ocean heat capacities. During the summer day the thermally induced high-pressure center over the Red Sea axis results in near-surface flows from the Red Sea toward the neighboring deserts. The strong divergence associated with these flows is maximized along the Red Sea axis and is accompanied by strong subsidence that suppresses boundary layer relative humidity by both reducing specific humidity and increasing temperatures. Because the summer nighttime reversed thermal gradients are smaller in magnitude, the daytime circulation dominates over the nighttime in summer and thus dominates over the daily and seasonal means. Following similar reasoning, we also devise a winter dehumidifier. We conclude by advancing a simple means of estimating Red Sea evaporation under diverse paleoinsolation regimes, and we show small but clear evaporation changes during the course of the Holocene. Our estimates represent lower bounds, and we plan to refine them in follow-up work.
Introduction
[2] Recently, the Red Sea has been used to derive powerful constraints on the fundamental problem of global sea level throughout most of the last glacial cycle [Thunell et al., 1988; Rohling, 1994; Rohling et al., 1998; Arz et al., 2003 Arz et al., , 2007 Siddall et al., 2003; Sirocko, 2003] . Key to estimating the uncertainty range of these authors' method is northern Red Sea (NRS) evaporation rate. Yet, the physics governing the seasonality of climatological evaporation in the northern Red Sea (roughly north of 24°N) are neither fully understood nor extensively studied. Improving our understanding of the physics and dynamics underlying climatological seasonal evaporation in the NRS is the focus of this paper.
[3] Further progress in the global sea level problem, as well as other key local and global, past, modern and future, problems, hinges on better understanding of those physics. First, evaporation over the NRS is a crucial element of the Red Sea oceanic circulation [e.g., Cember, 1988 Cember, , 1989 Eshel and Naik, 1997; Eshel et al., 2000] . Consequently, better understanding of NRS evaporation is likely to improve understanding of the Red Sea circulation. Second, the central element of the setting we address in this paper is land-ocean thermal contrasts, in particular seasonally and diurnally varying thermal gradients across the coast. As Figure 1 shows, such coastal contrasts are globally ubiquitous. In turn, thermal contrasts, and the related along-and cross-shore winds, are the primary driving force for such important coastal phenomena as (irrotational and rotational) coastal upwelling and high oceanic biological productivity, enhanced orographic precipitation and the resultant elevated vegetation cover of global coastal ranges, increased riverine input into the coastal ocean, high sedimentation rates characteristic of continental shelves, among others. Thus the current paper's main objective, better understanding of atmospheric dynamics and thermodynamics that arise near a coast because of thermal gradients, is pertinent to modern and paleocoastal regions both in the NRS and worldwide.
[4] While our motivation is in part global, the special simplifications permitted by the unique geography of the NRS, virtually no precipitation and vegetation and exceptionally high land-sea thermal contrasts that overwhelm all other physical processes [Morcos, 1970] , simplify the modeling and make the location ideal for developing and testing a specific yet generalizable conceptual and numerical model of air -sea -land interactions near a coast.
Some Characteristics of the Northern Red Sea Boundary Layer

Evaporation Variability
[5] Because evaporation measurements are extremely rare, evaporation is nearly universally estimated using a notoriously imperfect bulk formula [e.g., Sobel, 2003 ]. This has also been true for Red Sea evaporation estimates [Tragou et al., 1999; Sofianos et al., 2002; Smeed, 2004] . This paper is no exception, using the bulk-based standard estimates of da Silva et al. [1994] . With this limitation in mind, NRS evaporation (spatial mean annual average of the seven 1°Â 1°ocean grid points within 33°-38°E, 24°-28°N) is estimated to be 2.02 m yr
À1
. With the tropics' mean and standard deviation of 1.46 and 0.25 m yr À1 (computed over the 15,934 1°Â 1°ocean grid points between 30°S and 30°N), the NRS value is $2.2 standard deviations above the tropics mean. In fact, of the 15,934 tropical ocean grid points, only 51, or $0.3%, have evaporation rates higher than those in the NRS. That is, by any reasonable measure, NRS evaporation is outstandingly high.
[6] The spatial mean [da Silva et al., 1994] NRS evaporation is maximized during winter (December -February, or DJF; 143% of the annual mean) and minimized during summer (June -August, or JJA; 66% of the annual mean), with intermediate values in the transition seasons. Figures 2a  and 2b show that both statements are also true locally at 24°N and 27°N, where the horizontal axis is the latitude along the Red Sea axis given by longitude = 42.3°À 7.6°(latitude À 14.5°)/12.5°, which simply reflects the Red Sea geometry. Figures 2c -2e show that at all times, evaporation is maximum in the northernmost NRS, decreasing to the south.
Previously Proposed Mechanisms of Northern Red Sea Evaporation Variability
[7] Investigating monthly mean anomalous ocean NRS surface density, Eshel et al. [2000] showed that low-level subsidence variability explains a large fraction of the observed ocean surface density fluctuations, interpreted as reflecting evaporation intensity. In turn, they showed that the subsidence can be diagnostically understood in the context of the heat equation. On the basis of scale analysis, they showed that the vertical advective heat flux divergence associated with the subsidence, Àw@ p q where p is pressure, w dp/dt is subsidence in pressure coordinate and q is potential temperature, is closely balanced by its lateral counterpart, Àu@ x q À v@ y q, where u (v) is eastward (northward) wind. Because Eshel et al. [2000] addressed monthly mean anomalies (deviations of the mean of a given month from that calendar month's long-term climatology), their proposed mechanism may or may not apply to the subject of inquiry here, the climatologies themselves.
[8] If the findings of Eshel et al. [2000] regarding the relationship between monthly mean anomalous subsidence and evaporation apply also to the climatologies of these fields, the seasonal climatologies of the two fields must vary in concert. However, Figure 2 shows that the seasonalities of the two fields are anticorrelated. Figures 2a and 2f  (Figures 2b and 2g) show monthly mean mid-channel climatological evaporation and subsidence, respectively, at 24°N (27°N). Evaporation and subsidence extrema clearly occur at different seasons in either location. In the northernmost NRS, where evaporation is maximized (Figures 2c -2e) , seasonal maximum evaporation occurs in Figure 1 . Climatological seasonal gradients of surface air temperature T s . The field shown is @ x T s + @ y T s in K km À1 on a 0.5°Â 0.5°spatial grid. Ocean and land T s are taken from da Silva et al. [1994] and Jones and Moberg [2003] , respectively. Grid points with j@ x T s + @ y T s j 0.1 K km À1 appear white irrespective of the actual value (i.e., colored grid points satisfy j@ x T s + @ y T s j > 0.1 K km
À1
). Coast lines are not explicitly plotted.
winter (DJF, Figure 2b ), the season of subsidence minimum (Figure 2g ). Conversely, 27°N evaporation minimum, JJA (Figure 2b ), is the time of maximum subsidence (Figure 2g ). Evaporation and subsidence at 27°N during the two transition seasons appear largely unrelated (Figures 2b and 2g ). Evaporation and subsidence are also seasonally unrelated at 24°N (Figures 2a and 2f) . Further, while both evaporation and subsidence maximize in the north and decrease down the channel (Figures 2c -2e and Figures 2h-2j , respectively), their relative down channel changes are clearly distinct. While seasonal relative evaporation is rather uniform between 24°N and 27°N (see the similarity of Figures 2a  and 2b ), relative subsidence is very different in the two locations (Figures 2f and 2g) .
[9] Combining the spatial and temporal information of Figure 2 , Figure 3 shows NRS spatial averages of absolute subsidence and evaporation and further demonstrates the anticorrelation between climatological seasonal NRS evaporation and subsidence. Jointly, Figures 2 and 3 show that climatological NRS evaporation and subsidence are seasonally anticorrelated. This clearly demonstrates the inconsistency of NRS observations with the notion that climatological seasonality of subsidence causes that of evaporation, and emphasizes the presence of an alternative mechanism(s) linking subsidence and evaporation climatologies and resulting in their anticorrelation.
Analysis of NRS Monthly Mean Moisture Budget
[10] We begin our search for alternative subsidenceevaporation dynamical linkages by analyzing the NRS moisture budget. Denoting seasonal means by overbars, this budget is given locally by
where we assume that on seasonal scales the tendency approximately vanishes. In (1), V 2 (u v) T and V 3 (u v w)
T are the lateral and full (three-dimensional) flow fields, and r 2 (@ x @ y ) T and r 3 (@ x @ y @ p ) T are the lateral and full (three-dimensional) nabla operators. The ''Reynolds'' term Àr 3 Á (V 0 3 q) denotes boundary layer (BL) moistening by correlations of moisture and flow on small temporal and spatial scales. Note that it does not conform to the traditional Reynolds formulation, which includes only fluctuations. Consequently, we use the term in quotes, only as a shorthand. In the context of data derived from the coarse resolution reanalysis [Kalnay et al., 1996] , for example, the term may represent moistening by subgridscale correlations of local flow and moisture variability, or local deviations from the respective grid cell means.
[11] The rightmost term represents BL moistening by sea surface evaporation. We estimate its magnitude for summer and winter using r w /r a $ 10 3 and the representative summer (winter) values E $ 1.3 m yr À1 (E $ 2.9 m yr À1 ). These E estimates are derived from the annual mean of 2 m yr À1 with 66% (143%) of the annual mean in JJA (DJF). Finally, we set h $ 400 m (h $ 300 m) in summer (winter), based on BL depth calculated using 6 hourly NRS reanalysis data and the bulk Richardson number method described in Eshel and Bernstein [2006] 
We next explore various terms in (1) potentially capable of balancing the evaporative moistening.
[12] We have pointed out earlier that monthly mean NRS subsidence is not positively correlated with evaporation as would be required if subsidence variability were a prime modulator of evaporation. A corollary of this is that an approximation to equation (1) 
should not work. To verify this, we recast (4) as
where the subscript o denotes surface values, and use the reanalysis to calculate seasonal climatologies of (5) for the NRS over 600 mbar p 1000 mbar. These calculations are shown in Figures 4a and 4c; the left side of (5) is larger or, in winter, much larger, than the right, indicating that equation (5) does not represent a viable approximation. Alternatively, we can rearrange equation (5),
to obtainŵ p , the subsidence needed at p, given the approximate @ p q there, in order to balance equation (5). These calculations, shown in Figures 4b and 4d, indicate that in both seasonsŵ p ) w at all considered p levels; while
). As predicted, equations (4) and (5) clearly fail, especially in winter, to represent an approximate balance anywhere in the lower troposphere; in the NRS, drying by monthly mean subsidence is far too weak (and sometimes of the wrong sign) to balance evaporative BL moistening.
[13] Another possibility is that evaporative BL moistening is balanced by monthly mean lateral advective moisture flux divergence,
We compute monthly V 2 Á r 2 q over 1949 -2006 and form the seasonal JJA and DJF climatologies reported in Figure 5 . Since the summer values reported in Figure 5a are 1 -2 g kg À1 d
À1
, there is roughly an order of magnitude disparity between the left and right sides of equation (7) Figure 3a shows the average of the three mostly oceanic reanalysis 2.5°Â 2.5°grid points in the NRS, centered at 25°N, 35°E; 25°N, 37.5°E; and 27.5°N, 35°E. Figure 3b shows the average of the five 1°Â 1°oceanic grid points contained in the range 33°-37°E, 25°-28°N.
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ESHEL AND HEAVENS: RED SEA EVAPORATION even the sign of V 2 Á r 2 q in summer is inconsistent with equation (7), because advective moisture flux divergence actually further moistens the NRS BL there, i.e., further upsets the moisture balance. In winter (Figure 5b ), V 2 Á r 2 q > 0, as required by equation (7), but the right side of the equation is roughly 2 orders of magnitude smaller than the left. Clearly, equation (7) is invalid; something else must balance evaporative NRS BL moistening.
[14] Since we have exhausted all monthly, and grid cell, mean terms in equation (1) and found no term capable of balancing evaporative BL moistening, the leading order balance in equation (1) is most likely
drying by subgrid-scale processes balancing evaporative BL moistening.
A Proposed Meaning of the ''Reynolds'' Term
[15] Of the many processes potentially represented by r 3 Á V 0 3 q , we find diurnal ageostrophic cross-channel sea breeze flows the most compelling for NRS BL drying. Figures 6a and 6b show the east-west summer distribution of surface air temperature and its diurnal variability. Note that the da Silva et al. [1994] data are based on ship observations alone and thus represent exclusively the oceanic setting.
[16] Mean maximum land temperatures (corresponding to daytime) near the NRS coasts is 38°-40°C in summer. While we have no direct information about the diurnal cycle of surface air temperatures over the NRS, it is considerably smaller than that over land. For example, useful highfrequency measurements from the Gulf of Aqaba, just north of the area of interest, are reported by Genin et al. [2002] . From Figures 1a and 1b of Genin et al., it can be estimated that the diurnal temperature amplitude over the ocean is $1 -2 K for air temperature and less than that for SST in both summer and winter. This estimated ±1.5 K air temperature range is shown in Figure 6 by vertical lines centered on the ocean points. However, compared with the surface temperature (T s ) range spanned by Figure 6 as (1)) is too small, in both seasons, to balance evaporation (the right-hand side of equation (1)). (b and d) Actual reanalysis ! (solid curve) as well as the subsidence needed at any level to balance evaporative moistening (equation (6), solid dotted curve). The needed subsidence far exceeds the actual monthly mean one at all levels. dictated by diurnal T s variability over land, $22°-40°C ($5°-24°C) in summer (winter), the sea surface temperatures are weakly diurnally variable in both seasons. Thus in summer the maximum air temperature over the ocean during the day is at most 29°C, and the land-sea contrast is roughly +9 K. By comparison, mean summer minimum land temperatures (corresponding to nighttime) near the NRS coasts is $22°C while the air temperature over the ocean at night is $27°C, yielding a land-sea contrast of À5 K. Thus Figure 6 shows a summer landward warming (cooling) tendency away from the Red Sea axis during the day (night).
[17] In winter, T s ocean % 23°C (21°C) and T s land % 22°C (6°C) during the day (night). The approximate daytime (nighttime) winter land-sea temperature contrast is therefore À1 K (À15 K).
[18] These gradients are of course expected given the vastly different vertically integrated heat capacities of land and ocean. More importantly, they are likely to cause vigorous lateral exchanges by small-scale, high-frequency flows that are not explicitly represented by the monthly means on the reanalysis' coarse spatial grid. Since air humidity and temperature may vary laterally and vertically, the resultant sea breeze may play an important role in NRS thermodynamics. Estimating this role is the purpose of the following section.
A Simple Model of Cross-Channel Exchanges in the Northern Red Sea
[19] Consider an atmospheric layer shown schematically in Figure 7 spanning the troposphere's lowermost h = 900 m, with an assumed uniform p h = 925 mbar pressure at h. Assuming hydrostatics, the surface pressure is
in which the vertical mean density of the layer is approximatelỹ
(see below for the validity of the density linearity with height assumption), and the last stage involves invoking the ideal gas law for air, p = r a RT, with R = 287 J kg À1 K À1 the dry air gas constant. Substituting equation (10) into equation (9),
where T h and T s are the temperatures at the layer's top and bottom. Expanding the right-hand side and rearranging, (11) becomes
where G is the (assumed uniform) lapse rate. Because the NRS is dominated by subsidence and condensation is rarely realized, we set G = À8 K km
À1
. Figure 8 shows the T s (10) is adequate.
[20] The pressure gradient vanishes at h, by construction (because p h is fixed), attains its maximum at the surface, and varies very nearly linearly between the surface and h (see the near coincidence of the solid and dashed curves in Figure 8 ). Therefore the layer vertical mean pressure gradient can be approximated with great accuracy as the simple arithmetic mean of the pressure gradient at the surface and at h (the latter being zero),
@p @x dp % À 1 2r
[21] As temperature decreases linearly with height according to G, the layer mean temperature is
Since G and h are both fixed, the layer mean temperature gradient and tendency are @ x T s and @ t T s , respectively. The heat equation for the layer is therefore
where t À1 = 1 hour. In (15), the second right-hand-side term accounts for subsidence heating, and the last right-hand-side term relaxes the surface temperature distribution toward a prescribed state, parameterizing the different response to solar heating of land and ocean because of their widely disparate heat capacities. Guided by the surface temperature observations discussed in section 3.1 (based on Figure 6 ),
where the spatial structure function (with x is expressed in km) is
In (16), 302 and 300 K (296 and 294 K) are day and night summer (winter) base surface temperatures, and 9 and À5 K (À1 and À15 K) are the approximate respective day and night land-ocean temperature differences based on Figure 6 . The structure function f(x) and the resultant seasonal T*(x) are shown in Figure 9 .
[22] The vertical transport term in equation (15) requires the subsidence and potential temperature at h, w h , and q h . To 
, we use T h (x, t) = T s (x, t) + Gh, the fact that p h = 925 mbar always, and p s (x, t) from equation (12).
[23] The momentum equations are
where f = f(26°N) is the Coriolis parameter, assumed fixed because the small latitudinal extent of the domain, and vertical momentum flux is neglected.
[24] Equations (19) and (20), along with equation (10) (10), and equation (15) with T h = T s + Gh, form the closed set that is the model. We solve the model equations numerically using a third-order Adams Bashforth time scheme, 1 km spatial resolution, and no flux and flow boundary conditions at x = ±300 km. While simple, the model is inherently nonlinear; thermal gradients force flows which, in turn, redistribute heat and modify the thermal gradients.
Summer Model Results
[25] Figure 10 [26] Figures 10a and 10b show the surface temperature. In the absence of heat redistribution by flow, T s = T*(x) should hold. The deviation, T s À T* (the difference between the two line types in Figures 10a and 10b ) reflects the dynamic heat redistribution. At the channel axis (x = 0), DT s0 night % À0.9 K and DT s0 d % 1.6 K.
[27] During the day, when surface temperatures over land far exceed those over the ocean (Figure 10b ), surface pressure is maximized at the ocean's axis, and decreases away from it, attaining domain minima over neighboring land. The night configuration (Figure 10a ) is reversed and has a lower amplitude. The strongest flows balancing these pressure gradients are along channel winds (i.e., in the direction consistent with geostrophy, the thin solid curves in Figures 10c and 10d ; jvj max % 0.34 m s
À1
). However, because in the model formulation we exclude variability in y (along the channel, an approximation to which the Red Sea lends itself rather well), these geostrophic flows do not affect the heat or humidity budgets. At the same time, there is considerable residual ageostrophic cross-channel flow (juj max % 0.07 m s À1 ), from the adjacent deserts toward the ocean at night (thick curve in Figure 10c) , and from the ocean toward the neighboring deserts during the day (thick curve in Figure 10d ). While in Figures 10c and 10d , u appears small because of the high values of v, u, and especially @ x u, are important, as described below. Over the channel axis (x = 0), these cross-channel flows, shown by the thick curves in Figures 10c and 10d , are strongly divergent (convergent) during the day (night). This is crucially important, as the divergence yields exceptionally strong vertical motions (Figures 10e and 10f) , and related heating by vertical advective heat flux divergence (Figures  10g and 10h) . Figures 10i and 10j show that lateral advective heat flux divergence, while modest compared with the vertical term (Figures 10g and 10h) , cools the coasts substantially throughout the diurnal cycle, but vanishes along the channel axis.
[28] The existence of a circulation pattern similar to the one described above, with convergent (divergent) crosschannel flow during the night (day), is suggested by observations. Figure 12a shows very weakly negative sensible surface heat fluxes across the sea surface during summer in both the reanalysis [Kalnay et al., 1996] and da Silva et al. [1994] data sets. These downward heat fluxes over the ocean are embedded in a field of otherwise strong atmospheric heating by upward surface sensible heat flux in adjacent landmasses to the east and west. Figure 12b shows that the strong heating at the lower boundary over land is accompanied by strong ascent (w < 0), while in the vicinity of the NRS the weak cooling at the lower boundary is accompanied by subsidence (w > 0). The imperfect spatial 
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ESHEL AND HEAVENS: RED SEA EVAPORATION coincidence of the minimum heating and the maximum subsidence is expected given that the the NRS is already in the westerly wind regime, and that the atmosphere adjusts to the spatially variable heating on the deformation scale. It is easy to fill in the unobserved (at least in data arising from time averaging or smoothing) fine-scale detail, with divergent low-level lateral flows (from the ocean toward the surrounding land masses) balanced by the subsidence over the NRS shown in Figure 12b , and return flow further aloft from the surrounding hot deserts toward the ocean, fed by ascent over land.
[29] The exact magnitude of the model results, and especially the warming by vertical advective heat flux divergence (Figures 10g and 10h) should not be interpreted literally, because the model is highly idealized, and various parameters are weakly constrained by data. However, our calculations clearly demonstrate the ability of sea breezes that develop in the NRS region because of steep lateral thermal gradients to substantially affect the thermodynamics of the oceanic boundary layer.
Summer Subsidence Effects on Boundary Layer Humidity
[30] The summer daytime subsidence over the channel axis associated with the sea breeze flow affects evaporation in two ways. First, because of the Clausius-Clapeyron relation, the warming (Figures 10g and 10h) suppresses relative humidity for a fixed q. In addition, because @ p q > 0, subsidence tends to enhance evaporation also by suppressing BL q through downward advection of low-q air from aloft.
[31] To estimate the evaporative effect of the subsidence mediated adiabatic BL warming (i.e., addressing only the first of the above two), consider a BL with mean pressure and specific humidity of 950 mbar and 16 g kg À1 , characteristic of the NRS in summer. As mentioned earlier, the temperature difference at x = 0 between the two curves in d % 1.6 K. Using a traditional bulk evaporation formula,
[e.g., Seager et al., 1995; Zhang, 1997] where c e = 1.2 Â 10 À3 is a dimensionless transfer coefficient, kuk is wind speed and q s is the saturation specific humidity at the sea surface temperature, and holding wind speed fixed, the effect of the subsidence warming from 302 K to 303.6 K on evaporation is approximated as
i.e., a 25% evaporation increase.
[32] During the night (Figure 10a ), heat redistribution by the dynamics cools the model surface from 300 to 299.1 K. This cooling results in evaporation change of
i.e., an 16% decrease.
[33] Importantly, while opposite, the day and night evaporation changes in response to subsidence warming do not cancel out. First, summer nights are obviously shorter than summer days. Even disregarding this simple fact, while nighttime evaporation reduction is 16%, daytime evaporation increase, 25%, is $1.5 times as large. Thus averaged over the diurnal cycle, heat redistribution by the dynamics clearly enhances overall evaporation.
[34] The second way the sea breeze circulation affects the NRS BL humidity budget is through subgrid-scale (lateral and vertical) advective moisture flux divergence. To estimate these effects, we need to establish the lateral and vertical distribution of humidity, and its diurnal variability. Both are given by Figure 13 . Figure 13 makes clear that the lateral variability at the two shown pressure levels (the vertical range of the curves, or even their variance bars) is small compared to the difference between either one of these levels and the surface (the gap between the curves and the circles). This is true even for 1000 mbar, a level low enough in the atmosphere to be clearly affected by the presence of a humidity source (the ocean) immediately underneath. Therefore the lateral contribution to
2 q , must be much smaller than the vertical one, and, in geometrical height coordinate z in which the vertical velocity is w, Àr 3 Á V 0 3 q % Àw 0 @ z q (which does not vanish in general because overbars denote averaging in time or space, and deviations from those averages may not vanish locally). Consequently, an estimate of daytime drying by the sea breeze flow, mostly subsidence that is assumed to take place somewhere between the surface and 850 mbar, is ) as a function of longitude along 26°N. In Figure 12b , squares indicate positive values. Data are from Kalnay et al. [1996] except the circles in Figure  12a , which are monthly mean 0.5°Â 0.5°climatologies from da Silva et al. [1994] . The approximate longitudinal extent of the Red Sea at $26°N is shaded.
where we use the model's w h % À0.9 m min À1 % À1300 m d À1 (Figure 10f ) to estimate the relevant w 0 , Figure 13 to obtain q 850 and q surface , and the reanalysis climatological NRS JJA mean 850 mbar geopotential height to estimate Z 850 . This analysis substantiates the approximate NRS moisture budget given by equation (8), where the Reynolds term is understood to stand for ''drying by diurnally varying subsidence associated with sea breeze.''
[35] While the exact value of either term in equation (8) may change somewhat with alternative choices of scales or physical assumptions, it is clear that equation (8), or more specifically its more narrowly defined version
is clearly the only viable approximation to the full moisture budget, equation (1). The validity of approximation (25), in contrast to the failure of equation (1), emphasizes the importance to the NRS BL moisture budget of subsidence drying. Importantly, the drying is achieved not by the monthly mean circulation, but by diurnally varying subsidence associated with the secondary sea breeze circulation. The validity of (25) indicates that the main reason evaporation is as high as it is in the northern Red Sea is the low boundary layer relative humidity. This low relative humidity is maintained in the presence of strong evaporative moistening by intense low-level daytime subsidence, accompanied by efficient lateral moisture evacuation near the surface that is permitted by the narrow extent of the channel. In turn, the subsidence, which overwhelms the reverse nighttime circulation, can be readily traced back to the steep spatial gradients present in the region because of the widely disparate heat capacities of the oceanic Red Sea environment and the neighboring deserts.
[36] Consistent with our earlier assertion (which led to the approximation Àr 3 Á V 
where angled brackets denote vertical averaging between the surface and h (approximated as the simple arithmetic mean of the surface and 850 mbar values), and in which the short spatial length scale is chosen to render the estimate an upper bound. While lateral advective moisture flux divergence is small, the horizontal flow is still very important; it is the principal means of satisfying air mass and moisture BL continuity, and, most importantly, its divergence is what gives rise to the subsidence in the first place.
Winter Model Results
[37] Figure 14 is the winter counterpart of Figure 10 , summarizing the winter model results for 3:00 A.M. (left) and 3:00 P.M. (right).
[38] Other than the temperatures themselves, a key difference from the summer state is that in winter, land temperatures are lower then those of the ocean throughout the diurnal cycle. While during the day surface temperatures are weakly x-dependent, land-ocean thermal contrasts are Figure 13 . June -August climatologies of specific humidity as a function of longitude, averaged over 25°-27°N, at (top) 850 mbar and (bottom) 1000 mbar. Curves show climatological means of 6-hourly Kalnay et al. [1996] data at 0000 and 1200 UT (2:00 A.M. and 2:00 P.M. local time). Vertical soliddotted bars show ±1.96 daily standard deviation regions about the means (curves), calculated over the 5244 time points available over 1948 . Circles indicate da Silva et al. [1994 ship-based 0.5°Â 0.5°m onthly mean climatologies, with monthly anomaly variability range shown by vertical bars crossing the circles.
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ESHEL AND HEAVENS: RED SEA EVAPORATION very pronounced at night, resulting in vigorous circulation. Fast and strongly convergent cross channel flows (thick curve in Figure 14c ) result in strong ascent over the ocean (Figure 14e ). Unlike summer, the pattern weakens, but does not change sign, during the day.
[39] The main effect of the ascent associated with this convergent surface flow pattern is estimated using Figure 15 and a modification of equation (24) appropriate for ascent,
because in this configuration the motion is directed from the BL, the q of which we are interested in, into the free troposphere, the q budget of which is currently of no interest. As before, we use the model w h % 0.025 m s À1 % 2160 m d
À1
to approximate w 0 at h. To obtain the advectively relevant humidity, we use the reanalysis (see Figure 15 ) to get q 850 = 3.6 g kg À1 and the work of da Silva et al. [1994] to get q surface = 10.3 g kg À1 , and linearly interpolate, taking Z 850 = 1500 m, between these values, to obtain q 300 m % 9 g kg
.
With these values, equation (27) yields
This is more than enough to balance evaporative moistening, which we estimated in section 3 to be roughly 26 g kg À1 d
. The factor of $2 disparity is to be expected given the model simplicity, the substantial uncertainty in our E and h estimates, and the neglect of both precipitation (which is observed, albeit minutely, in winter, and which is made more probable by the ascent) and lateral moisture delivery into the NRS BL by the convergent cross channel flows. This disparity should not obscure the main findings of this section: (1) In winter, nighttime is most relevant to the moisture budget, and (2) during winter nighttime, BL drying occurs through upward advective 
Paleoclimate Implications
[40] The key ingredient to the flow patterns discussed in earlier sections of this paper is land-ocean temperature gradient. Such gradients, in the NRS as well as along other low-latitude coasts, are affected by several fundamental parameters of the climate system, such as atmospheric concentrations of greenhouse gases, the orbitally controlled insolation distribution among the seasons, the global mean solar flux, among others. We address those topics more thoroughly elsewhere (G. Eshel, The response of lowlatitude coastal boundary layers to insolation changes, manuscript in preparation, 2007). In this section, however, we introduce some of the preliminaries necessary for our future in depth analysis.
[41] Qualitatively, the stronger summer insolation is, the stronger land-sea thermal contrasts, thermal gradients, and therefore cross channel flows, subsidence and evaporation, are. Conversely, the higher greenhouse gas concentrations are, the weaker winter land-sea thermal contrasts and lowlevel convergence into the Red Sea from the adjacent deserts are, and the weaker evaporation is.
[42] To quantitatively characterize land-sea temperature gradient, consider a surface layer of thickness z, heat capacity c p and density r, subject to insolation flux Q solar . The induced tendency of the (assumed homogeneous throughout z) temperature is
Considering next the NRS, the evolution of land-sea
, in which superscripts l and o denote ''land'' and ''ocean'', is governed by
Considering the summer daytime example, reasonable values representative of the NRS are:
This propensity of the NRS physical system to rapidly develop thermal gradients, the driving force behind the circulation discussed above, is a linear function of insolation; given some time varying multiplicative insolation modulator a with which the actual insolation at any time is aQ solar ,
[43] The paleoclimatic scenario most pertinent to evolution of NRS physics, the varying insolation dominance over North African climate discussed by, e.g., deMenocal [1995, 2004] and Gasse [2006] , lends itself well to description in terms of equation (32), especially in summer, when insolation is the central thermal driving force. We take advantage of this by repeating the model summer calculations as Figure 15 . December -February climatologies of specific humidity as a function of longitude, averaged over 25°-27°N, at (top) 850 mbar and (bottom) 1000 mbar. Curves show climatological means of 6-hourly Kalnay et al. [1996] data at 0000 and 1200 UT (2:00 A.M. and 2:00 P.M. local time). Vertical solid-dotted bars show ±1.96 daily standard deviation regions about the means (curves), calculated over the 5244 time points available over 1948 -2004. Circles indicate da Silva et al. [1994] ship-based 0.5°Â 0.5°monthly mean climatologies, with monthly anomaly variability range shown by vertical bars crossing the circles. described in sections 4 and 5, replacing the equation (16) summer functions with
with 0.1 a 3, i.e., exploring insolation magnitudes that give rise to NRS d T in the range of 10% to 300% of today's (with increased (decreased) insolation corresponding to a > 1 (a < 1)). While the extremes of this range are clearly physically implausible, we explore the stated range in order to obtain a reasonably complete picture of the dependence of NRS thermal contrasts on insolation.
[44] The results of these calculations are summarized in Figure 16 . Despite the nonlinearity of the model, DT s0 scales nearly linearly with a (Figures 16a and 16b and, in particular the nearly straight lines of Figure 16c ). Even when the resultant DT s0 are converted to dE (using equation (22) and the Clausius-Clapeyron relation, Figure 16d ), the results are nearly linear in a despite the high-temperature nonlinearity of the Clausius-Clapeyron equation. Using Figure 16d , NRS evaporation, and thus salinity and indirectly d 18 O water , can be estimated for periods with known insolation different than today's. Since known insolation means known a, one enters the known a along the Figure 16d abscissa, and reads the resultant d E along the ordinate. Combined with today's evaporation E modern , the absolute evaporation during some time t characterized by a = a (t) is simply circulation in the northern Red Sea. Interpreting the model results, we concluded that the key issue in both summer and winter is the convergence/divergence patterns of cross channel ageostrophic flows that arise because of land-sea thermal contrasts.
[47] In summer, daytime is most dominant. At this time, pressure over adjacent deserts is lower than over the ocean, driving symmetric flows from the channel axis outwardly toward the neighboring deserts. These flows are strongly divergent over the ocean, resulting in subsidence. This intense subsidence dries the boundary layer both by warming it and thus reducing its relative humidity, and by introducing into the boundary layer low specific humidity air from aloft. At night the situation reverses, but because summer nights are much shorter than days, and because the nighttime flow is weaker, the above characterization holds for the summer as a whole.
[48] During winter, nighttime dominates, but the sign of the circulation is the same throughout the diurnal cycle. Cold landmasses adjacent to the northern Red Sea result in pressure gradients accelerating air from both sides of the channel toward the channel axis. The resultant surface convergence at the channel axis results in strong upward motions. The ascent dries the boundary layer by advecting upward moist boundary layer air into the free troposphere (which we crudely treat here as an infinite reservoir). Consistent with the observation that evaporation is minimized (maximized) in summer (winter), the drying processes described above are much more powerful during winter.
[49] The above results single out land-sea thermal contrasts as the main physical parameter affecting the hydrological cycle over the northern Red Sea. We conclude the paper by advancing a simple quantitative model for the response of this hydrological cycle to variable insolation fluxes which have been previously suggested as important modulators of north African climate through time. Our model results in a simple figure from which one can read the difference in northern Red Sea evaporation that is expected to characterize a known insolation change.
